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Abstract 
A series of phosphorus and oxygen enriched carbons prepared by phosphoric acid activation of the 
lignocellulosic waste, fruit stones, are studied as the electrodes of supercapacitor in 1M H2SO4 
electrolyte. The microstructure and surface properties of the carbons are characterized by N2 and CO2 
sorptions and X-ray photoelectron spectroscopy (XPS), respectively. Cyclic voltammetry, 
galvanostatic charge/discharge and wide potential window test are carried out to evaluate the 
electrochemical performances of the carbon electrodes. Statistical analysis is employed to confirm the 
limitation of the operation potential of the supercapacitors. The results show that the sample with 
balanced porous structure and higher phosphorus content exhibits a specific capacitance of 165 F g−1, 
delivers an energy density of 13 Wh kg−1 at an operation window of 1.5V, and shows stable cycling 
performance with a retention ratio of 99% even after 20000 cycles. This work suggests that the 
adjusted pore structure and surface functional groups which influenced the capacitive performance of 
the carbon electrode can be finely adjusted by the activation temperature. 
Keywords: Phosphorus-rich carbon; Supercapacitor; Surface functional groups; Biomass   
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1. Introduction 
Supercapacitors have been used as energy storage devices in hybrid electric vehicles, smart grids, 
aircraft emergency systems and portable consumer electronics where pulse power supply, excellent 
stability and long cycle life are critically important [1, 2]. Moreover, in some instances the 
supercapacitors with high energy density are anticipated to replace the traditional batteries in the 
future [3]. Undoubtedly, the successful commercial applications of supercapacitor depend on 
developing affordable, suitable and superior electrode materials. From the industry point of view, 
porous carbons based on biomass are believed to be the most promising electrode materials for 
supercapacitor because of their abundant porosity, controllable surface functionalities, good electron 
conductivity and relatively low cost. 
It is well known that the energy storage capacity of carbon-based supercapacitor predominantly 
depends on the i) porosity and ii) the surface chemistry of the carbons with two different energy 
storage mechanisms [4-7]. The former energy storage mechanism involves accumulation of ionic 
charges on the double-layer between the electrode and the electrolyte, which can be finely controlled 
by the accessible surface area and pore size distribution of carbon electrode [8]. On the other hand the 
latter mechanism involves Faradic redox reactions between the surface functional groups and 
electrolyte ions. The extend of such mechanism is determined by the type and content of heteroatoms 
on the carbon surface[6, 9] and the tolerability of the carbon electrode towards operational voltage 
[10].  
Recently, various biomass based carbons serving as the electrodes for supercapacitor have been 
reported. For example, coconut shell [11], animal bone [12], celtuce leaves [13], sugarcane bagasse 
[14], sunflower seed shell [15], have been used as the carbon precursors. However, most of the above 
works are focused on how to design appropriate pore structure to increase the double-layer 
capacitance neglecting the role of some surface functionalities that can facilitate the cycling stability 
and charge efficiency of the biomass based materials. It is generally accepted that the organic 
electrolyte based supercapacitors need to eliminate the surface functional groups of the carbon to keep 
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their steady performance [16, 17]. In contrary, by using the aqueous electrolyte, porous carbons with 
heteroatoms, such as nitrogen and oxygen, can not only enhance the surface wettability [18], but also 
introduce Faradaic pseudocapacitive reactions [1, 4, 19].  
The relatively low energy density of supercapacitor is the biggest obstacle for their wide-spread 
application. Hence, lots of effort has been paid towards improving their energy density.  Taking into 
account the equation E=1/2CV2, the energy density is proportional to the square of the highest 
attainable voltage [20, 21], and accordingly increasing the voltage of the cell can promote the energy 
density greatly. Even though the ionic liquids and organic electrolytes remain stable up to 4.0 V, they 
generally exhibit poor conductivity, lower specific capacitance and unstable cycling performance [22]. 
On the other hand aqueous electrolytes have better electrical conductivity, lower cost, cycling stability 
and environmental friendliness which are important characteristics for practical applications of 
supercapacitors, particularly for large-scale applications including energy storage for renewable 
sources. A definite disadvantage of aqueous electrolytes over organic/ionic electrolytes is their limited 
working voltage being 1 V vs. 3-4 V for organic/ionic electrolytes. Accordingly, the energy density of 
aqueous supercapacitors is significantly lower than that of organic/ionic supercapacitor.  
The possible ways to achieve higher energy density of an aqueous supercapacitor is to (i) utilise 
electrode material with high specific capacitance values and/or (ii) select electrode material capable of 
operating at voltages above 1 V. While the specific capacitance has a significant influence on the 
energy density, widening of the potential window impede energy density much more remarkably. 
In our  previous work [23] we have discovered that the porous phosphorus-enriched carbon electrodes 
can be operated stably even at the potential window of 1.3V in aqueous electrolyte. In the present 
work, we attempt to understand further the mechanism of the combined effect of porous structure and 
the surface functionalities on the electrochemical behaviours, which may shed some light in tailoring 
more suitable carbon materials for low cost high-performance supercapacitors. The supercapacitive 
performance of porous phosphorus-rich carbons prepared from apricot stones and peach stones by 
phosphoric acid activation are investigated in 1 M H2SO4 electrolyte. 
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2. Experimental 
2.1 Preparation of carbon samples. 
The preparation of phosphorus-rich carbons was described in previous studies [24-27]. Briefly, 
crushed and sieved fruit stones (a mixture of apricot and peach stones) were impregnated with 
phosphoric acid in a phosphoric acid / fruit stones weight ratio of 0.89. The mixtures were dried in air 
for 1 h and then activated at different temperatures (400–1000 oC) in argon flow. The activated 
samples were extensively washed with hot water until a neutral pH followed by drying at 110 oC. 
Phosphorus-containing carbons are referred as APPXXX where XXX represents the activation 
temperature. For example, APP800 corresponds to carbon activated at 800 oC.    
2.2 Characterization of carbons  
2.2.1 Determination of pore structure and surface morphology 
Porosity parameters of APP carbons (APPs) were analysed by N2 adsorption/desorption at −196 oC 
(ASAP 2010, Micromeritics, USA) and CO2 adsorption at 0 oC (NOVA 1200, Quantachrome, USA). 
Prior to measurements, samples were degassed at 250 oC overnight under vacuum. Surface area was 
calculated by Brunauer-Emmett-Teller (BET) method from N2 sorption, micropore volume from N2 
sorption and CO2 sorption was calculated using Dubinin-Radushkevich (DR) method. Pore size 
distributions (PSD) were estimated from both N2 and CO2 adsorption isotherms using the DFT Plus 
Software (Micromeritics Instrument Corporation),  using the non-local density functional theory 
method (NLDFT)[28].  
2.2.2. Surface chemistry characterization  
The X-ray photoelectron spectroscopy (XPS) measurements were performed on ESCALAB220i-XL 
(VG Scientific, UK) using monochromated Al Kα excitation source. The spectra were calibrated for a 
carbon C1s excitation at binding energy of 284.6 eV and taken as an internal standard. The 
quantitative analysis was performed with CasaXPS software after Shirley background subtraction. 
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The best peak fits were obtained using mixed 30% Gaussian–Lorentzian line shapes at the same 
FWHM for all fitted peaks. 
2.3 Electrochemical measurements 
The capacitive performance of carbon samples was carried out in 1 M H2SO4 electrolyte using both 2-
electrode (2E) and 3-electrode (3E) testing cells. In electrode preparation, 90 wt% of active material 
(APPs), 5 wt% of carbon black (Mitsubishi #32), and 5 wt% of polyvinylidene-fluoride were mixed in 
N-methyl pyrrolidone to form homogeneous slurry. The resulting slurry was coated on a Ti foil 
(current collector) with total area of 1 cm2, and typically 2-4 mg carbon applied to each electrode. A 
sandwich type cell was constructed using two electrodes with similar weights, facing each other and 
separated by glassy fibre paper. 1 M H2SO4 electrolyte was added to the cell under vacuum to reduce 
air contamination and improve wettability of the electrodes. 
Both 2E and 3E system were used to evaluate the electrochemical performance of APPs. In 2E system, 
two carbon electrodes with similar weight were assembled symmetrically. The 2E setup was simply 
converted into the 3E setup by choosing one carbon electrode as working electrode and other one as 
the counter electrode, respectively and by adding the Ag/AgCl (NaCl) reference electrode. Cyclic 
voltammetry (CV) measurements at the scan rates of 5 and 100 mV s−1 were obtained between0.1-0.9 
V (3E), 0-1.0 V (2E). Galvanostatic charge/discharge (GC) with the current loads of 0.05 and 20 A g−1 
within the potential range of 0-1.0 V were used for assessment of specific capacitances. Wide 
potential tests were used to evaluate how large the potential window the electrode material can sustain. 
CV and GC were recorded using 2E under stepwise increasing the potential from 0-1.0 V to 0-1.6V.  
The specific capacitance was calculated from the discharge branch of the galvanostatic cycle curves 
and is listed as specific cell capacitance (Ccell-g) measured in 2-electrode setup, and the material 
capacitance (C3E-g) measured in a 3-electrode setup. 
First, the cell capacitance Ccell in Farads was obtained according to Equation (1): 
)(
)(()(
VU
stA）IFCcell Δ
Δ×=                                (1) 
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where I in Amperes is the current load, Δt in seconds is discharge time and ΔU in Volts is the potential 
difference between the start and the finish of the discharge process after omitting any iR drop. 
Next the specific gravimetric cell capacitance Ccell-g in Farads per gram was calculated using Equation 
(2):  
)(
)()/(
gm
FCgFC cellgcell ∑=−                                (2) 
where Σm in grams is the total weight of active material in both electrodes (including the PVDF binder 
and the carbon black conductive filler).  
The specific capacitances from 3-electrode cell setup C3E-g in Farads per gram were calculated 
according to Equation (3): 
)(
)()/()/(3 VU
stgAIgFC gE Δ
Δ×=−                        (3) 
where I in Amperes per gram is the current load per mass of the active material in the working 
electrode, Δt in seconds is discharge time and ΔU in Volts is the potential difference between the start 
and the finish of the discharge process after omitting any iR drop. 
The energy density (E) and power density (P) were calculated according to Equation (4) and (5): 
6.3/)(
2
1)/( 2 VUCkgWhE gcell Δ×= −           (4) 
∑
Δ×=
)(
)()(
2
1)/(
kgm
VUAIkgWP                          (5) 
2.4 The statistic regression analyses 
In order to investigate the limitation of the operational window of this series carbon in 1 M H2SO4 
aqueous electrolyte cell, analyses of experimental data were done by using Essential Regression and 
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Essential Experimental Design software EREGRES1. This multiple intercept-free linear regression 
model can be formulated as follows:  
Predicted capacitance = Coef1*Par1+Coef2*Par2+Coef3*Par3+…     (6) 
where Coef stands for coefficient and Par for parameter, respectively. The evaluated parameters 
were: % phosphorus, % oxygen, surface area of pores with defined widths, and specific capacitances 
at different potential window. 
3. Results and discussion  
3.1 Porous structure and surface chemistry of APPs 
It is well known that the porosity and accessible surface area of carbon materials can influence the 
capacitive performance greatly. Narrow micropores, particularly those in carbons rich in surface 
functional groups, are hard to detect accurately by the nitrogen sorption due to the diffusion (kinetic) 
limitations of the N2 molecule into these pores at 77 K. Thus here, both N2 and CO2 sorption 
measurement were employed to comprehensively investigate the porous structure of the carbons. As 
shown in Fig. 1, the N2 sorption isotherms of all samples exhibit the combination type of I and IV as 
classified by the IUPAC [29], which correspond to the existence of micropores and the slit-shaped 
mesopores in the carbon structure. It can be observed that the nitrogen adsorption amounts gradually 
decrease as the pyrolysis temperature increased from 400 to 800 oC, with the further increase again 
above 800 oC. The porous textural parameters calculated from both sorptions of nitrogen and carbon 
dioxide are listed in Table 1. The APP400 sample exhibits the highest surface area SBET of 1737 m2 g−1, 
the largest total pore volume (Vtotal = 0.89 cm3 g−1) and the highest micropore volume (VμpCO2 = 0.35 
cm3 g−1). With increasing pyrolysis temperature from 400 to 800 oC, the specific surface area and total 
pore volume of the derived carbons decrease progressively and a slight increase of the above 
parameters appears at 900 and 1000 oC. Such phenomenon is consistent with the previous reports [30-
33], in which the carbons derived from phosphoric acid activation of lignocellulosic biomass  
1 http://www.jowerner.homepage.t‐online.de/download.htm 
Page 9 of 32
Ac
ce
pte
d M
an
us
cri
pt
9 
 
materials showed the most developed porosity (highest specific surface area) within the pyrolyzed 
temperature of 400-500 oC. The main reason for the decrease in the specific surface area and total 
pore volume can be ascribed to the pore shrinkage of the carbon structure and the blockage of the 
pores by some surface functionalities with increasing the pyrolysis temperature [32]. The increase of 
the surface area above 800 oC is due to the decomposition and volatilization of some of the 
phosphocarbonaceous compounds that can generate new pores in the carbon matrix [34, 35].  
The PSD (pore size distribution) curves which derived from N2 sorption and calculated by NLDFT 
method (Fig. 2a) exhibit a shoulder at 0.8-1.2 nm as well as two maxima at 2.2 nm and 5.0 nm.  
APP400 prepared at the lowest temperature of 400 oC presents a maximum at 0.8 nm which 
corresponds to the presence of micropores in this sample. The amounts of such narrow micropores 
decreased as the pyrolysis temperature increased to 800 oC that is reflected in the decreased total pore 
volume (Vtotal, Table 1). At the same time, the maximum of PSD shifted to 5.0 nm for APP900 and 
APP1000, which indicates the appearance of mesopores in their structure and these results are in good 
agreement with the porosity parameters shown in Table 1 and the mechanism of pore opening at 
higher temperatures due to the evolution of volatile gases. The PSDs curves obtained from CO2 
measurement and calculated by NLDFT method (Fig. 2b) display three peaks with only a little 
difference in intensity. It has been reported that the most efficient pores for the formation of  electric 
double layer (EDL) should match the size of hydrated ions [36]. Herein, in 1M H2SO4 electrolyte, the 
size of hydrated bivalent sulphate ion SO42− and hydronium ion H3O+ are 0.533 nm and 0.42 nm [37], 
respectively. As seen in Fig. 2b the dominant micropores in all samples are larger than 0.4 nm in size, 
which suits well the size of hydrated ions used in this experiment. It has been proven that mesopores 
in electrode structure favour rapid ion transfer into micropores thus resulting in good rate performance 
of supercapacitor [38]. Hence the presence of micropores with well-suited size for double layer 
formation in 1M H2SO4 electrolyte combined with mesopores providing fast ion diffusion into the 
micropores of APPs is expected to be very favourable combination for their energy storage capacity. 
The surface chemistry of the carbon samples were analyzed by X-ray photoelectron spectroscopy 
(XPS) which revealed the presence of carbon, oxygen and phosphorus atoms in all samples. To 
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explicitly identify the chemical structure of phosphrous and oxygen species and the way they are 
bounded to the carbon matrix, high resolution XPS spectra of P2p and O1s core level peaks for all 
samples were deconvoluted. The distributions of phosphorous and oxygen functional groups of all 
carbons are summarised in Table 2. As the activation temperature increased from 400 to 1000°C, the 
amount of surface oxygen and phosphorus increased and reached the maxima of 13.88 at% (APP800) 
and 2.58 at% (APP900), respectively (Table 2). The example deconvolution analysis of O1s and P2p 
core level peaks of APP800 and APP900 are displayed in Fig. 3a and Fig. 3b. The deconvolution of 
the high-resolution P2p core level peaks of carbons revealed the presence of three to four components 
at binding energies around 132, 133, 134 and 136 eV with different relative contribution. The peaks 
are assigned to phosphates [PO4]3− (132.2±0.2 eV) [39], pyrophosphates [P2O7]4− (133.1±0.3 eV) [40], 
metaphosphates [PO3]− (134.2±0.4 eV) [41] and phosphorus pentoxide P4O10 (136.0±0.4 eV) [42], 
respectively. The main component is  pyrophosphate for all samples except APP800, for which the 
main component is metaphosphates. It is clear that the samples obtained at low temperatures (400 and 
500 oC) contain phosphates while with further increase of the activation temperature the phosphate 
disappear and the phosphorus pentoxide P4O10 appear in the structure. This is in agreement with the 
well documented mechanism [43] in which phosphate groups acting as the bridges preventing the 
contraction of pores but will decompose at temperatures above 450 oC thus resulting in the decrease in 
surface area as the temperatures increases. These XPS results support the porosity changes discussed 
earlier and summarised in Table 1.  
O1s peaks are broad, indicating the presence of various chemical states of oxygen (Fig. 3a). The 
enrichment of oxygen in all carbons implies that phosphoric acid acts as an effective oxidant to form 
oxygen-carbon (C−O) structures. The binding energies of oxygen functionalities around 531.2 eV, 
532.2 eV, 533.5 eV, 535.5 eV and 537.0 eV are corresponding to the C=O quinone type groups and 
P=O groups (peak A) [44], C−O−C ether groups and / or P−O−C groups (peak B) [40] , P−O−P 
pyrophosphate groups (peak C) [42], chemisorbed oxygen (COOH carboxylic groups) and / or water 
(peak D) [45], and C−OH phenol groups (peak E) [40], respectively. The contributions of each 
species obtained by fitting O1s core level spectra for all samples are listed in Table 2 as relative 
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concentrations. The single bonded oxygen (−O−, peak B and C) is the main component in all carbons 
while the double bonded oxygen (=O, peak A) is the second most abundant form which may take part 
in some redox reactions. Interestingly, not all the components are present in each sample. At 
temperatures higher than 800 oC −OH phenol groups disappear and the total amount of oxygen also 
shows decreasing trend which is possibly due to the blockage of oxidation sites with pyrophosphate 
groups. This is supported by high pyrophosphate content in APP900 and APP1000 as shown in Table 
2.  
The results of O1s peak analyses are in good agreement with the P2p analyses. The single bonded 
oxygen (C−O−C / P−O−C and P−O−P, peak B and C) can be linked with the surface phosphorous 
functional groups in the form of pyrophosphates [P2O7]4− and metaphosphates [PO3]− (refer to Fig. S1 
for their chemical structures). Moreover, the least amount of chemisorbed oxygen and water (peak D) 
in APP400 and APP500 can be link with the absence of P4O10 as observed in Table 2, which 
corresponds well with the desiccant effect of P4O10. The low content of chemisorbed oxygen and 
water in APP900 with small amount of P4O10 (3.59%) agree with this conclusion. These results 
clearly indicate that activation temperature can greatly influence the type of surface chemistry in 
addition to the various porous structures, and therefore, those two factors are expected to affect the 
electrochemical performance of APPs in different ways. 
3.2 Electrochemical performance of APPs 
In order to investigate how the porous structure and the surface functionalities affect the 
electrochemical performance of APPs in 1M H2SO4, cyclic voltammetry tests in 2-electrode cell 
setups were measured first. Fig. 4 displays the cyclic voltammograms of APPs at the scan rate of 100 
mV s−1. It can be clearly seen that although the APP400 and APP500 have higher specific surface 
areas (Table 1) than other samples, their CV curves show relatively narrow response current, which 
could be caused by the following two reasons. One reason is the low electrical conductivity of these 
two carbon samples that were activated at low temperatures [46] [47]. The other reason can be linked 
with the abundance of ultramicropores (pores less than 1 nm as shown in Fig. 2) that contribute to 
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high BET surface areas but are hard to access by electrolyte ions during rapid charging process [48].  
With further increase of activation temperature the CV curves become more of rectangular shape due 
to higher degree of graphitisation and thus improved the electrical conductivity. In addition, the 
presence of mesopores in these samples assures good accessibility of electrolyte ions into the 
micropores as discusses above. Accordingly, CV curves of APP900 and APP1000 synthesized at 
highest temperatures exhibit the most rectangular-shaped CVs that are typical for double layer 
charging with quick charge propagation and fast charge/discharge kinetics. It is noteworthy that 
APP800 has a pair of distinguished redox peaks between of 0.4 and 0.6 V. It has been reported that 
oxygen groups on the surface of the carbon electrodes can introduce pseudocapacitance in acidic 
electrolyte based on the fast redox reactions between the protons from the electrolyte and 
quinone/hydroquinone groups (as depicted in Fig. S2) [23, 49]. This result is related well with the 
XPS analyses (Table 2) that revealed highest amounts of (C=O) in quinone and (P=O) in 
polyphosphates (13.88 wt%) in APP800. The redox peaks are also noticeable in APP600 with the 
second highest oxygen content (12.11 wt%).   
The galvanostatic discharge curves recorded at different current loads were used to calculate the cell 
capacitance (Ccell-g) based on the equation 2, and the values are summarized in Table 3. Often the 
researcher papers list either the single electrode specific capacitances (Csingle) and / or 3-electrode 
specific capacitance (C3E-g) and therefore for comparison purposes, Csingle and C3E-g at 0.05 to 1 A g−1 
were also calculated by using equation 2 and 3 to evaluate the performance of the supercapacitors. As 
can be seen, the C3E-g of all samples are higher than the Csingle at each current loads, which may be 
caused by the fact that (i) in 2E cell the electrode with lower capacitance determines the overall 
capacitance because the 2E cell is considered as two capacitors connected in series [50]; (ii) in 2E cell 
the potential applied to the electrodes in a 3E cell is twice that applied to each working electrode in a 
2E cell [51, 52]; (iii) in 3E cell the negative electrode, that is the working electrode, has higher 
electrosorption capacity towards the protons (hydronium ions); (iv) 3E cell involve the Faradic 
reaction and reflect the pseudocapacitive behaviour in the way of showing the redox peaks in the CV 
curves [53]. At low current load, for APP600, APP900 and APP1000 the capacitance differences 
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between Csingle and C3E-g (ΔC) are high and comparable, whereas at higher current densities of 0.1 and 
1 A g−1, ΔC in APP600 is not as high as in APP900 and APP1000. Such result is most likely caused 
by (i) the fast pseudocapacitive process that contribute to the high C3E-g of APP600 encounter a kinetic 
barriers under high current density because of the decreasing protons-electrosorption ability of 
APP600 which corresponds with the low P-content; (ii) APP600 lacks the mesopores that can 
facilitate ion transport into the micropores as discussed previously (Fig. 2). The dependence of 
specific capacitance on current density of the APPs in 1M H2SO4 electrolyte is also shown in Table 3. 
It is noteworthy that the specific capacitances of all samples dropped down as the current density 
increased from 0.05 A g−1 to 10 A g−1. This is caused by partial inaccessibility of narrow micropores 
at fast charge/discharge rates (high current densities) [38, 54]. In the case of APP400 and APP500, the 
capacitance values are quite small even at low current density in comparison with the other samples, 
which coincides well with the current responses of CV curves discussed earlier. At the current density 
of 0.05 A g−1, APP600 provides the highest Csingle capacitance values of 131 F g−1. As the current 
density increases to 1 A g−1, APP600 still shows the highest value of 112 F g−1, with 85% capacitance 
retention, which is resulted from a combination of pseudocapacitance and EDL capacitance. However, 
as the current load increases to 10 A g−1, the capacitance drops down dramatically with only 46% 
retention, which is caused by large inaccessible micropore surface, relatively low electrical 
conductivity and unutilized pesudocapacitance at high current loads. Similarly, APP800 with high 
oxygen content (Table 2) also shows rapid capacitance decrease as the current density increased to 10 
A g−1, with only 66% retention. Such results fit well with the documented statement that even though 
some oxygen functional groups can contribute to the Faradic pesudocapacitance at low current loads, 
their existence also result in high equivalent series resistance (ERS) and capacitance deterioration of 
the supercapacitors [55]. On the other hand, APP900 with high phosphorus content performed much 
better under the high current density of 10 A g−1 compared to other samples, with the capacitance of 
95 F g−1 (retention ratio 79%). More specifically, the reason why APP700, APP900 and APP1000 
show better rate performances is the good electrical conductivity (caused by the high degree of 
graphitisation carbon structures) and the inhibition effect of phosphorus-rich carbons can prevent the 
formation of oxygen functional groups.       
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The cycling durability is another key factor in determining the performance of supercapacitors for 
practical applications. As seen in Fig. 5, the cycling stability of the carbon electrodes were examined 
using galvanostatic charge–discharge cycling test at a current density of 5 A g−1. After 10000 cycles, 
both APP600 and APP800 show evident deterioration of the specific capacitance. This phenomenon is 
caused by the instability of the oxygen functionalities on the carbon surface as the cycling test goes on 
[56], which is consistent with their XPS (high content of surface oxygen groups C=O /P=C) and CV 
test (obvious redox peaks) results. APP700 and APP1000, by contrast, maintain at least 96% of their 
initial capacity, indicating their robust capacitive performance. However, the initial capacitances of 
those two carbons are relatively low with 81 F g−1 and 92 F g−1, respectively. Most interesting is the 
fact that APP900 did not show any degradation maintaining 98 F g−1 after 10000 cycles and even 
slight increase in capacitance is observed after 5000 cycles which may be caused by small amount of 
quinone (C=O) contribution to the total capacitance during the cycling test. To further explore the 
cycling performance of APP900, a fresh 2E cell was tested at the same condition for 20,000 cycles. 
As seen in Fig. S3, about 99% of the initial capacitance is retained for APP900. What’s more, the 
triangular GC curve of the 20,000th cycle in the inset of Fig. S3 confirmed the highly stable 
performance and good charge propagation of APP900 as the electrode for supercapacitors. This 
phenomenon is supposed to be caused by the strong inhibition effect of P compounds in APP900 that 
can suppress the formation of electrophilic oxygen species.                                                                                                           
3.3 Wide potential window test 
It is well known that the energy density is proportional to the square of cell voltage. That means the 
wider voltage range the cell can sustain, the more energy the supercapacitor can store. The operating 
voltage of aqueous electrolytes based supercapacitors is generally lower than 1 V, resulting in low 
energy density. In our previous study [57], by the presence of the phosphorus functionalities in the 
carbon lattice, the cell voltage can reach 1.5 V without any obvious decomposition of the aqueous 
electrolyte. Herein, the wide potential window tests were also conducted. As illustrated in Fig. S4, 
APP900 can be operated up to 1.5 V without any obvious iR drops at the current density of 5 A g−1. 
Such phenomenon is caused by the fact that pyrophosphates can inhibit the oxidation of the carbon 
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material even at a voltage higher than the decomposition voltage of water (1.23V). The capacitance of 
all samples at the operation window of 1.5 V and current density of 0.1 A g−1 are also shown in Table 
3. Among them, APP900 exhibits 165 F g−1, corresponding to the energy density of 13 Wh kg−1.  
For the samples synthesized at temperatures higher than 600 oC, the statistic regression analyses were 
processed based on the parameters of porous structure, resistance, the contents of oxygen and 
phosphorus (% P, % O) and capacitances at different potential windows. The predicted capacitance 
was derived by using equation 6. As shown in Fig. 6, the correlation coefficient R2 is higher than 0.9 
when the operation potential window is below 1.5V, which means the simulation results are in 
excellent agreement with the experimental results. However, when the voltage of 1.6V is applied, the 
largest degree of scatter (0.84 for R2) is observed from linear regression line of the best fit. This result 
fits well with the conclusion that 1.5V is the limitation for this aqueous electrolyte cell. 
The cycling stability of APPs at different potential windows was also investigated. Herein, a group of 
fresh cells were tested at the current load of 5A g−1 within the cell voltage windows ranging from 0-
1V to 0-1.5V for 12000 cycles. As shown in Fig. 7, even if the initial specific capacitance of APP600 
is higher than that of APP700, as the wide potential cycling test goes on, its stability is barely 
satisfactory, which is in agreement with the result of capacitance retention results (Table 3) and the 
cycling test under the regular potential window of 1 V (Fig. 5). As expected, phosphorous-rich 
carbons APP900 and APP1000 possess good stability even under high operational potential window 
of 1.5V. More specifically, APP900 displays a superior performance in terms of the highest specific 
capacitance of 97 F g−1 as well as the highest energy density of 6.5 Wh kg−1 at 3410W kg−1 power 
density. This intriguing properties of APP900 as the electrode material for acidic supercapacitor is 
supposed to be caused by the highest ratio of phosphoric compounds in APP 900 that can suppress the 
formation of electrophilic oxygen groups and inhibit the combustion of oxygen species [58, 59].   
Conclusions 
One series of cost effective lignocellulose based phosphorus-enriched carbons was prepared by simple 
phosphoric acid activation of the fruit stones. The resulted carbons were comprehensively tested as 
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the electrodes of acidic aqueous supercapacitors. Among them, APP900, with balanced micropores 
and mesopores structure and high phosphorus content (2.58 at%) shows a capacitance as high as 165 
F g−1, extremely stable cycling performance with 99% retention ratio, and high energy density of 13 
Wh kg−1 under the high operation potential window up to 1.5 V. These results further confirmed the 
possibility of using aqueous electrolyte under the potential window larger than the decomposition 
potential of water by selecting proper electrode materials. The stable cycling performance and high 
energy density of these carbons make them promising for commercial use. In addition, these results 
provide some insights into designing other biomass based carbon with tuneable porous structure and 
high phosphorous content to improve their supercapacitive properties.   
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Figure captions 
Fig. 1. N2 adsorption/desorption isotherms of all samples at −196 oC  
Fig. 2. Pore size distribution curves (PSDs) calculated by DFT method (a) from N2 sorption isotherms 
and (b) from CO2 sorption isotherm. 
Fig. 3. Deconvolution analyses of high resolution O1s XPS spectra of APP800 (a) and P2p XPS 
spectra of APP900 (b). Refer to Table 2 for more details. 
Fig. 4. CV curves of all carbon materials in 1 M aqueous H2SO4 using two-electrode cell at a scan rate 
of 100 mV s−1. The gravimetric capacitance of the two-electrode cell has been normalized to that of a 
three-electrode cell. 
Fig. 5. Galvanostatic cycling test at a current load of 5 A g −1 within a potential window of 0-1 V for 
10000 cycles. 
Fig. 6. Statistic regression analysis for all samples at different potentials  
Fig. 7. Galvanostatic cycling test at current load of 5 A g−1 and cell voltage range from 0-1 V to 0-1.5 
V for 12000 cycles  
Table 1. Textural parameters of all carbons. 
Table 2. The distributions of phosphorous and oxygen functional groups obtained from the 
deconvolution of P2p and O1s XPS peaks. 
Table 3. Summary of specific capacitance (F g−1) values of all samples measured at various current 
loads. 
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Table 1. Textural parameters of all carbons.  
Sample SBET a 
(m2g−1) 
Vtotal b 
(cm3g−1) 
VmpN2 c 
(cm3g−1) 
Vμp<1nmd 
(cm3g−1) 
VμpN2 e 
(cm3g−1) 
VμpCO2f 
(cm3g−1) 
APP400 1737 0.89 0.23 0.16 0.53 0.35 
APP500 1366 0.74 0.23 0.15 0.41 0.28 
APP600 1262 0.67 0.19 0.17 0.38 0.28 
APP700 1094 0.56 0.15 0.18 0.33 0.28 
APP800 1055 0.54 0.14 0.18 0.32 0.26 
APP900 1135 0.61 0.19 0.17 0.33 0.26 
APP1000 1211 0.68 0.24 0.21 0.34 0.31 
a Specific surface area determined from the N2 sorption by BET method. 
b Total pore volume of pores calculated from N2 sorption at P/P0=0.995. 
c Mesopore volume calculated from N2 sorption.  
d Micropore volume <= 1nm calculated from N2 sorption. 
e Micropore volume calculated from N2 sorption. 
f Micropore volume calculated by DR method from CO2 sorption. 
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Table 2. The distributions of phosphorous and oxygen functional groups obtained from the 
deconvolution of P2p and O1s XPS peaks.   
a The relative intensity of deconvoluted P2p core level peaks.  
b The relative intensity of deconvoluted O1s core level peaks. 
 
Sample P 
Content 
(at %) 
P2p-A 
(%)a 
132.2± 
0.2eV 
P2p-B 
(%)a 
133.1± 
0.3eV 
P2p-C 
 (%) a 
134.2± 
0.4eV 
P2p-D  
(%) a 
136.0± 
0.4eV 
O 
Content 
(at %) 
O1s-A  
(%) b 
531.2 
±0.4eV 
O1s-B 
 (%) b 
532.2 
±0.4eV 
O1s-C  
(%) b 
533.5 
±0.4eV 
O1s-D  
(%) b 
535.5 
±0.4eV 
O1s-E 
 (%) b 
537.0 
±0.3eV 
Assignment \ Phosp- 
hates 
Pyrop- 
hosph-
ates 
Metap- 
hosph- 
ates  
P4O10 \ C=O, 
P=O 
C−O−C, 
P−O−C 
P−O−P Chemi-
sorbed 
O+H2O 
−OH 
APP400 0.55 7.22 55.32 37.46 - 11.40  24.98 33.92 35.44 2.79 2.87 
APP500 0.85 6.93 60.65 32.42 - 8.43 29.49 36.59 28.00 3.16 2.76 
APP600 0.73 - 57.55 34.56 7.88 12.11  29.50 31.68 29.96 6.72 2.14 
APP700 1.99 - 56.17 38.15 5.68 10.13 17.54 37.91 35.26 6.95 2.34 
APP800 2.01 - 43.16 48.04 8.8 13.88  30.41 22.00 36.59 8.29 2.71 
APP900 2.58 - 63.57 32.84 3.59 11.91 22.11 35.18 36.87 5.84 − 
APP1000 2.30 - 57.04 37.25 5.71 10.46 23.41 33.69 34.30 8.60 − 
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Table 3. Summary of specific capacitance (F g−1) values of all samples measured at various 
current loads.   
a Ccell-g is the cell capacitance. 
b Csingle is the single electrode specific capacitance derived from 4Ccell-g. 
c C3E-g is the single electrode specific capacitance of 3-electrode cell setup. 
d ΔC is the difference between Csingle and C3E-g. 
e Retention ratios were calculated between the current density of  10A g−1 and 0.05 A g−1. 
f Due to the large Ohmic drop, capacitance was not calculated. 
 
 
Sample 0.05 A g−1                      0.1 A g−1                              1 A g−1                 5 A g−1   10 A g− 1    Retention  
aCcell-g  bCsingle  cC3E-g  dΔC   Csingle   C3E-g   ΔC  Csingle at 1.5V   Csingle    C3E-g     ΔC    Csingle     Csingle      ratio e   
APP400 13 52 −f  −f −f  −f −f −f −f −f −f −f 
APP500 21 84 112 28 75 101 26 111 13 −f −f −f −f −f 
APP600 33 131 177 46 128 163 35 141 112 128 16 85 60 46% 
APP700 27 108 138 30 98 127 29 122 90 108 18 81 73 70% 
APP800 30 120 149 29 117 141 24 140 101 122 21 90 79 66% 
APP900 30 120 176 56 117 166 49 165 106 134 28 98 95 79% 
APP1000 29 116 165 49 113 156 43 151 102 124 22 92 84 72% 
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